PK 11195 is a selective and specific ligand for the peripheral-type benzodiazepine binding site, Its po tential for in vivo visualisation of lesioned human brain using positron emission tomography (PET) is currently being assessed, The present study examines the relation ship between the temporal development of a local isch aemic lesion with its associated cell populations and the binding of [3H]PK 11195 in rat brain, Unilateral cortical infarcts were induced using the photosensitive dye Rose BengaL At time intervals from 1 to 7 days after lesioning, the localisation of eHlPK 11195 binding was determined using in vivo and in vitro autoradiography, Sections ad jacent to those used for autoradiography were processed for immunohistochemistry using glial fibrillary acidic pro-
The present study is part of a programme to de termine the qualitative and quantitative in vivo binding characteristics of various receptor ligands and to assess their potential for use in positron emission tomography (PET). One ligand under in vestigation is the isoquinoline derivative PK 11195 (Le Fur et aI., 1983) , which, in vitro, has been shown to be specific and selective for peripheral type benzodiazepine binding sites (PTBBS) (Bena vides et aI., 1984) . These sites, which are reported to be associated primarily with mitochondria (An holt et aI., 1985; Basile and Skolnick, 1986; Doble et aI., 1987) , are few in number in the neuropil of nor-tein for astrocytes and ED-I for macrophages, The results show that the binding of eH]PK 11195 correlates in both time and spatial localisation with the appearance of mac rophages around the lesion, Reactive astrocytes, al though present, occupy a separate region in the tissue surrounding the lesion and lie outside the region defined by the [3H]PK 11195 binding, We conclude that the [3H]PK 11 195 signal associated with this ischaemic lesion originates primarily from binding to macrophages and that ["ClPK 11195 could be used for imaging acute in flammatory response in human brain using PET. Key Words: Astrocytes-Local cerebral ischaemia Macrophages-eH]PK 11195-Positron emission tomog raphy-Rose BengaL mal rat and human brain except in periventricular regions such as the ependymal cell layer, area pos trema, and choroid plexus. Recent studies in vivo in the rat (Price et aI., 1990) and in vitro using human postmortem tissue (Benavides et aI., 1988) have demonstrated high densities of PK 11195 binding in those regions of brain that have incurred a primary lesion and, in some cases, an increase in PTBBS in regions remote from, but with distant axonal con nections to, the primarily lesioned site (Dubois et aI., 1988; Price et aI., 1990) . It is thus feasible that PK 11195, when labelled with a positron-emitting isotope such as carbon-II (Camsonne et aI., 1984) , could be used as a ligand for in vivo imaging of lesioned human brain using PET.
In the central nervous system, the reaction of tis sue to focal damage is characterised by an infiltra tion of blood-borne phagocytes and proliferation of reactive astroglia and microglia. Dubois et al. (1988) noted that the timing of the increase in PTBBS, shown by Benavides et al. (1987) to be a sensitive index of neuronal death, suggested a correlation with the invasion of the lesion by "haematogenous cells." Although the presence of PTBBS on cells of the immune system (Benavides et aI., 1989a) and more specifically on mouse macrophages (Zavala et aI., 1984) and human blood monocytes (Ferrarese et aI., 1990) has been well described, their existence on astroglia in vivo has not been established. Stud ies of glial cultures in vitro have identified PTBBS under certain culture conditions (McCarthy and Harden, 1981) . However, only modest increases in PTBBS have been reported in association with chronic neurological disorders characterised by gli osis, for example, Alzheimer's disease (Owen et aI., 1983; McGeer et aI., 1988) and Huntingdon's dis ease (Schoemaker et aI., 1982) , whereas large in creases have been observed in postmortem brain slices from patients with ischaemic cerebrovascular disease, multiple sclerosis, or oncological lesions (Benavides et aI., 1988) . Nevertheless, the apparent correlation between gliosis and an increase in PT BBS has led to persistent reports of an association between these binding sites and astroglia (Schoe maker et aI., 1982; Owen et aI., 1983; Benavides et aI., 1987) . In a recent experimental study in rats, Benavides et al. (l989b) , studying autoradiographic grain localisation following photoaffinity labelling of PTBBS using the isoquinoline derivative eH]PK 14105, concluded that the proliferation of PTBBS observed following cerebral ischaemia resulted from an increase in numbers of both astrocytes and blood-borne phagocytes.
The aim of the present study was to examine the relationship between the temporal development of an ischaemic lesion, with its associated cell popu lations, and the binding of [3H]PK 11195 in rat brain. The experimental lesions were produced us ing the photosensitive dye Rose Bengal. They are highly localised and well circumscribed (Watson et aI., 1985 (Watson et aI., , 1986 Grome et aI., 1988) and have been used to study the haemodynamic and metabolic consequences of focal cerebral ischaemia (Dietrich et aI., 1986a (Dietrich et aI., ,b, 1989 . Rats were killed at various times during the first week after lesioning and the localisation of eH]PK 11195 determined using au toradiography. Subsequently, the sections were processed for immunohistochemistry using antibod ies to astroglia and macrophages.
MATERIALS AND METHODS

The lesion model
Adult male Sprague-Dawley rats (250-300 g; Harlan Olac Ltd., Bicester, U.K.) were anaesthetised with an isoflurane/N20l02 mixture, immobilised in a Kopf stereo tactic frame, and the right side of the skull exposed. Rose Bengal (5 mg/ml in saline) was injected over 1.5 min via a catheter inserted into the right femoral vein, at a dose of 0.3 ml/lOO g rat weight. Immediately after the dye injec tion, an intense green light, produced by a 250-W metal vapour lamp (Zeiss, Superiux) and passed through a 570nm filter and a heat filter, was shone at the skull at the level of the bregma for 15 min. The diameter of the illu minated area was fixed at 3 mm by passing the light through a fibre optic cable placed in close contact with the skull. Throughout the procedure, the body tempera ture of the rat was maintained at 37.5 ± O.soC using a thermal blanket. At the end of illumination, the catheter was removed and the vessel ligated following application of xylocaine (Astra, U.K.) as a local anaesthetic. The head and leg incisions were sutured and the animals were allowed to recover in a warm environment.
Autoradiography
In vivo. At I, 3, 5, or 7 days following lesioning, the animals were anaesthetised as described above and cath eters were placed in a tail artery and vein. They were then allowed to recover while lightly restrained in a modified Bollman cage (Waynforth, 1980) for at least 2 h. A total of nine animals were studied, three at 7 days and two at each of the other three times.
[3H]PK 11195 (specific activity 3.33 TBq/mmol; NEN DuPont U.K. Ltd.), 3.7 MBq in 300 fLl of physiological saline, were injected via the tail vein. The animals were killed after 15 min with an intra venous injection of Expiral (Ceva Ltd., U.K.) and the brains were removed, frozen at -35°C in isopentane chilled in Cardice, and embedded in Tissue-Tek O.C.T. compound (Miles Scientific, BDH Ltd., U.K.).
Semiserial 20-fLm coronal frozen sections were cut throughout the frontal cortex, including the whole of the lesioned area, at -18°C using a microtome-cryostat (Bright Instruments Co. Ltd., U.K.). The sections were thaw-mounted onto glass slides and subsequently ex posed to tritium-sensitive film (Hyperfilm 3H; Amersham Pic., U.K.) at 4°C for 6 weeks.
In vitro. At 1, 2, 3, 5, and 7 days after lesioning, rats were killed and the brains removed and frozen as de scribed above. Three animals were studied at each time point. Serial 15-fLm coronal frozen sections were cut and mounted frozen onto chrome alum-gelatine subbed slides. For the binding assay, the method of Dubois et al. (1988) was used; sections were incubated in I nM [3H]PK 11195 in Tris-HCI buffer (170 mM Tris, pH 7.4) for 30 min at 25°C, washed in cold buffer for 2 x 5 min, and rinsed briefly in cold distilled water before air drying overnight. Nonspecific binding was determined by adding 1 mM PK 11195 (kindly supplied by Dr. C. Guen!my, Rhone Pou lenc, Vitry, France) to the incubation medium. Exposure to tritium-sensitive film was for I week.
Precalibrated methacrylate tritium standards (Amer sham Pic., U.K.) and brain paste standards were coex posed on each film. Following processing of the films, the images were transferred to a Sun 3/260 workstation using a Cohu high-resolution ccd video camera with a Prima graphics Virtuoso frame store as the interface. The sub sequent processing and manipulation of the images were carried out using Analyze software (Robb and Barillot, 1988) .
Immunohistochemistry
Sections were postfixed in acetone for 10 min at room temperature, air dried, and incubated for 20 min with
0.6% H202 in 50 mM Tris-buffered saline (TBS), pH 7.6, to quench endogenous peroxidase activity. Immunostain ing was carried out using the standard peroxidase antiperoxidase (PAP) procedure. Glial fibrillary acidic protein (GFAP; DAKO Ltd., U.K.) polyclonal antibody diluted 1: 200 in TBS was used as a marker of astrocytes, and ED-I (Serotec Ltd., U.K.) (Sminia et al., 1987) monoclonal antibody diluted I: 100 was used as a marker of mononuclear phagocytes. Sections were rinsed in distilled H20 for 10 min, TBS for 5 min, and normal serum (DAKO Ltd.; 1:5 in TBS) for 20 min to block the nonspecific background prior to in cubation with the primary antibodies, which was for 30 min at room temperature. Positive and negative control slides were included during each staining session. After incubation, sections were rinsed twice in TBS for a total of 10 min and the secondary antibodies (1: 100 in TBS) were applied for 30 min. Following a rinse in TBS, the PAP conjugate (I: 100 in TBS) was applied for 30 min and the sections rinsed twice in TBS. The antibody/PAP com plex was visualized using 0.4% 3, 3-diaminobenzidine tet rahydrochloride (Sigma Chemical Co. Ltd., U.K.) con taining 0.03% H202 in TBS. Sections were counterstained in Harris's haematoxylin, dehydrated, cleared, and mounted in Histomount (National Diagnostics, U. K.).
Histology
FIG. 1. Autoradiographic im ages showing the 15-min distri bution of [3H] PK 11195 in coro nal sections from rat brain fol lowing in vivo binding at 1 (a), 3 (b), 5 (c), and 7 (d) days after lesioning. At 7 days, the maxi mum ratio of radioactivity (dpml g) in a 0.02-mm2 region close to the rim of the lesion to radioac tivity in a similarly sized refer ence "background" region is �4:1.
Fresh frozen sections and the sections used for in vivo autoradiography were postfixed in 10% formal saline and stained using standard histological stains including hae matoxylin and eosin, Luxol Fast Blue/cresyl violet, and toluidine blue. Figure 1 shows autoradiographic images of PK 11195 binding 15 min after intravenous injection of eH]PK 11195 in rats at times between 1 and 7 days post lesioning. U sing the precalibrated radioactive standards on each film, the images were back ground corrected and normalised to correlate film density with tissue radioactivity. Each section illus trated represents a plane cut through the centre of the lesion.
RESULTS
Autoradiography
At I day post lesioning, there was no significant eH]PK 11195 binding ( Fig. la) . At this time, corre sponding histological sections showed that the Ie- The large numbers of macrophages in (e) form a continuous layer around the lesion, although they are most dense close to the pial membrane. They can again be seen in (f) as the blue-stained cells surrounding the necrotic centre of the lesion. Gliosis is clearly visible at this time, although the astrocytes can be seen sur rounding the region of macrophages with little mixing of the two populations and almost no invasion of the macrophage region by astrocytic processes (g, h) . Again, there is close correlation between macrophage numbers and [3H]PK 11195 labelling, while the astrocytes are most numerous away from the regions of highest binding. Bar, 760 f.Lm (a-f); 265 f.Lm (g, h).
sioned area was oedematous. By 3 days, localised regions of eH]PK 11195 binding were visible, par ticularly in tissue close to the pial membrane, al though these are not clearly visible in Fig. lb . At 5 days, a high density of [3H]PK 11195 around the perimeter of the lesion was apparent (Fig. 1c ). By this time, the lesion was � 3.5 mm in diameter at the pial surface and formed an inverted conical shape. Although the lesion extended through the full depth of the cortex, it never affected the underlying white matter of the corpus callosum. By 7 days, binding was still intense although the lesion was beginning to shrink (Fig. 1d) . The maximum ratio of radioac tivity (dpm/g) measured in a O.02-mm2 region close to the lesion to that in a similarly 'sized reference "background" region in the same slice was �4: I at 7 days. The distribution of in vitro binding over the first week post lesioning was similar in each animal stud ied and in general corresponded closely to that seen in vivo. A 2-day point, added to the time course, showed significant binding at this time, but only in small, localised spots in a thin band around the pe rimeter of the lesion. By 3 days, these had joined into a continuous strip around most of the lesion, widest close to the pial membrane ( Fig. 2a ). One notable difference between the in vitro and in vivo binding was seen in the centre of the lesion. Here, the density of the binding in vivo was very low, probably owing to poor delivery of the ligand. In vitro, the density was similar to that in unlesioned tissue but was nonspecific in that it could not be displaced with nonradioactive PK 11195. The auto radiographic images shown in Fig. 2 represent spe cific binding, produced by subtraction of the non specific from the total binding images.
Immunohistochemistry
The pattern of immunohistochemical stammg with the two antibodies used differed in both time course and localisation. No staining was seen in negative controls for either antibody. As with the autoradiography, the variation of staining for each antibody between animals at each time point was small. At 1 day post lesioning, small numbers of resting GFAP-positive cells (Fig. 3a) were seen over the whole section, with no difference between ipsi-and contralateral sides. The stained cells were not uniformly distributed but were found primarily associated with the ependymal cell layers and the pial membrane. ED-I -positive cells were present in small numbers around the lesioned volume and in the choroid plexus and meningeal membranes. Two days after lesioning, GFAP-positive cells could be seen in increased numbers ventral to the lesion site J Cereb Blood Flow Metab, Vol. II, No.2, 1991 close to the corpus callosum and grouped around blood vessels close to the lesioned area. Small num bers of ED-I -positive cells were clearly visible around the edges of the lesion and were confirmed histologically as macrophages.
At 3 days, a dramatic increase in the number of macrophages was apparent around the perimeter of the lesion. Figure 2b shows these in a band of ED I-positive cells extending down from the pial mem brane. These cells are again identifiable in Fig. 2c , which shows the corresponding region of an adja cent section stained for G F AP, with the nuclei counterstained with haematoxylin. There was a small increase in the number of astrocytes com pared with earlier times. Figure 2a shows the eH]PK 11195 auto radiograph from a section adja cent to the stained sections. The band of density in Fig. 2a corresponds precisely to the ED-I -positive region in Fig. 2b and the blue-staining region of dense cellularity in Fig. 2c . There was no correla tion between PK 11195 localisation and positive GFAP staining at this time.
The anatomical coincidence between macro phages and eH]PK 11195 binding was more appar ent at 5 and 7 days post lesioning. At these times, the lesion was surrounded by large numbers of densely packed ED-I -positive cells confined to a clearly demarcated region, forming the innermost layer of living cells lining the necrotic cone of the ischaemic area ( Fig. 2e ). They are visible as the blue-staining nuclei in Fig. 2f . This inner layer of cells was surrounded by an outer, more diffuse layer of reactive GFAP-positive cells (Fig. 3b ). The region of very dense eH]PK 11195 binding shown in Fig. 2d corresponds closely to the ED-I -positive layer. Figure 2g and h shows higher-power views of a part of the perimeter of the lesion stained for ED-1 and GFAP, respectively. High-power inspection of the region revealed almost no invasion of astrocytic processes beyond the boundary between the cell types clearly visible in these figures. Figure 4 illus trates sections caudal to those shown in Figs. 1 and 2. Figure 4a shows an autoradiograph of in vivo [3H]PK 11195 binding 7 days post lesioning. Figure  4b illustrates GF AP staining in the same section, and Fig. 4c shows an adjacent section stained for ED-I. Again, the correlation between eH]PK 11195 binding and ED-l staining is clear, whereas the GF AP-positive cells are close to the ventricle wall and spatially separated from the lesion.
DISCUSSION
Rose Bengal, when injected intravenously into a rat and under specific light conditions, causes the The arrow indicates in (a) a resting astrocyte 1 day post lesioning and in (b) a swollen, reactive astrocyte 7 days post lesioning. Bar, 9, .., m. production of oxygen radicals. These cause damage to the endothelial cells of cerebral blood vessels and induce platelet aggregation and thrombus formation (Watson et aI., 1985 (Watson et aI., , 1986 Grome et aI., 1988) . This model has provided an opportunity to study the ev olution of the discrete local cellular changes follow ing ischaemia in rat brain. Increases in PTBBS in lesioned brain tissue have been well established for some years. Gallager et al. (198 I) reported an increase in "nonneuronal" ben zodiazepine binding following kainate iesioning of rat brain. Schoemaker et ai. (1982) and Benavides et ai. (1987) have suggested that since the increases in PTBBS were closely correlated with neuronal dam age, and as the latter was frequently accompanied by glial proliferation, gliosis could be responsible for the increase in PTBBS numbers. However, in vitro studies have demonstrated a high density of PTBBS associated with macrophages (Zavala et aI., 1984) , and recent work by Benavides et ai. (1989b) has implied that both cell types contribute to the increased PTBBS in lesioned brain.
The present study demonstrates that, following local ischaemia, ED-1 -positive cells (primarily mac rophages) and GF AP-positive astrocytes respond with different time courses and appear to arise from different sources within the tissue. At early times, 2-3 days post lesioning, the macrophages can be observed histologically, appearing around patent blood vessels close to the pial membrane. While reactive astrocytes are visible in this region at this time, by far the greatest abundance of these cells is close to the ventricles, presumably arising from the subependymal layers, which are known to be en riched in astrocytes. This glial reaction does not reach a maximum until 3-5 days post lesioning.
The clear anatomical separation of macrophages and astrocytes has made localisation of the PK 11195 binding sites on one cell type possible using autoradiography combined with immunohistochem istry. By 5 days, the macrophages form the inner most living tissue surrounding the lesion while the astrocytes occupy quite separate territory sur rounding the macrophages. The clearly defined re gion of eHlPK 1 1195 binding correlates with the region of ED-1 staining, while the GFAP-positive cells lie outside this area. The more appropriate technique for the purpose of cellular localisation of binding would be to use dipping emulsion and high resolution autoradiography. However, the cyto- Figs. 1 and 2 . The region of dense binding in (a) thus shows a slice through the rim of the lesion. Note the dense binding in the choroid plexus, one of the few regions of dense peripheral-type benzodiazepine binding sites in normal brain. Note the position of the ventricle in (b) and (c) for orientation. The photomicrographs were taken using a dark blue filter and the 3,3-diaminobenzidine tetrahydrochloride reaction appears as dark patches. plasmic nature of the eH]PK 11195 binding and the irregular shapes of the cells involved make positive cell identification difficult and a lower-resolution approach more useful.
Although the results of this study, in demonstrat-ing that the greater part of the eH]PK 11195 signal is associated with macrophages, cannot confirm the conclusion of Benavides et al. (l989b) , the results do not preclude some binding to astrocytes. In ad dition, binding to other blood-borne elements, for example, lymphocytes, is possible and the role of the microglia has yet to be established. Resting mi croglia and macrophages are phenotypically differ ent cell types, although reactive microglia regain some of the cell surface antigen properties of mac rophages following activation by lesioning Gordon, 1988, 1989 ). In the present study, ED I-negative cells that are binding eH]PK 11195 are visible around the lesion. The possibility that these are reactive microglia is currently under investiga tion.
The implications for PET scanning are clear.
[IIC]PK 11195 could be used for in vivo imaging of any brain lesion that is characterised by an acute inflammatory reaction. It would not, however, be useful for lesions whose pathology is primarily gli otic, such as the dementias. This may explain the findings of Schoemaker et ai. (1982) , Owen et ai. (1983), and McGeer et ai. (1988) that the increases in PTBBS in these conditions were too small to be imaged with PET scanning. A large [IIC]PK 11195 signal has been seen in some human gliomas (Sta rosta-Rubinstein et aI., 1987; Benavides et aI., 1988; Junck et al., 1989) , but as the extent of peripheral cell infiltration into gliomas is highly variable and rarely very great (Brooks et aI., 1978) , its contribu tion in these cases is unclear. Although increased numbers of PTBBS have been measured on some cultured glioma cell lines (Starosta-Rubinstein et aI., 1987) , the transformed nature of these cells may make them atypical of normal astrocytes (Syapin and Skolnick, 1979) .
We conclude that the [3H]PK 11195 binding as sociated with an ischaemic lesion originates prima rily from binding to macrophages. This suggested cellular specificity for the signal opens up further areas for the study of the pathophysiology of human diseases in vivo using PET.
